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We have extended the range of the high-pressure optical spectroscopy to the far-infrared region
keeping the accuracy of ambient-pressure experiments. The newly-developed method offers a pow-
erful tool for the study of pressure-induced phase transitions and electronic-structural changes in
correlated electron systems. The novel-type optical pressure cell, equipped with large free-aperture
diamond window, allows the measurement of optical reflectivity down to ω ≈ 20 − 30 cm−1 for
hydrostatic pressures up to p ≈ 26 kbar. The efficiency of the technique is demonstrated by the
investigation of the 2-dimensional charge-density-wave 1T -TaS2 whose electronic structure shows
high sensitivity to external pressure. The room-temperature semi-metallic phase of 1T -TaS2 is ef-
fectively extended by application of pressure and stabilized as the ground state above p = 14 kbar.
The corresponding fully incoherent low-energy optical conductivity is almost temperature indepen-
dent below T = 300K. For intermediate pressures, the onset of the low-temperature insulating phase
is reflected by the sudden drop of the reflectivity and by the emergence of sharp phonon resonances.
PACS numbers:
The application of hydrostatic pressure offers a clean
and controllable way to fine-tune the electronic and mag-
netic properties of solids via the change of their band-
width/dimensionality or by altering the energy scale of
the relevant interactions, such as magnetic exchange in-
teractions or the electron-phonon coupling. The possi-
bility to gain spectroscopic information about the elec-
tronic structural changes upon pressure-induced phase
transitions has recently attracted broad interest. As one
of the earliest trials, the possible metallization of solid
hydrogen was studied under extremely high pressures
(p ∼ 1500kbar) by infrared absorption and reflectiv-
ity techniques.1,2 In correlated electron systems, due to
the strong competition between neighboring thermody-
namic phases, moderate pressures can effectively induce
phase transitions. Therefore, hydrostatic pressure has
been successfully applied to investigate the phase dia-
gram of correlated electron materials, especially for com-
pounds located in the vicinity of a insulator-metal phase
boundary. The pressure-driven collapse of the insulat-
ing state has been recently followed by infrared spec-
troscopy in the colossal magnetoresistance manganite
La1−xCaxMnO3,
3 in Mott insulators such as YNiO3
4 and
V3O5,
5 in the band insulator YH3,
6 and in the charge-
density-wave rare-earth tritellurides.7 Besides the phase
transition phenomena, strong pressure-induced variation
of the electronic structure has been reported for CeSb,8
β-Na0.33V2O5,
9 silane,10 etc. All of these experiments
were performed using diamond anvil cells (DAC) which
allowed the generation of hydrostatic pressure up to p ≈
260kbar. The disadvantage of DACs is their pressure-
limited small aperture, typically ∼ 100µm in diame-
ter, which introduces a low-energy cutoff (a few hun-
dred cm−1) due to the diffraction effects. Consequently,
these investigations were restricted to the mid-infrared
and higher energy range, although owing to its high
transparency diamond is an ideal optical-window mate-
rial down to microwave frequencies.13
In strongly correlated electron systems, where usually
the low-energy excitations are of interest, spectral in-
formation about the far-infrared region is highly desir-
able. Focusing on materials which show high sensitiv-
ity to external pressure, we have developed a concep-
tually new type of optical pressure cell which extends
the low-energy limit of the infrared experiments by more
than one decade as it is applicable typically down to
ω ≈ 20 − 30 cm−1. In our design, this improvement
is the result of the large free aperture of the window
(d = 1.5mm) which restricts the maximum applied pres-
sure to p ≈ 26 kbar at the same time. On the basis of
reflectivity measurements performed on the two dimen-
sional charge-density-wave material 1T -TaS2, we demon-
strate that this type of pressure cell allows the determi-
nation of the absolute value of the reflectivity even in the
far-infrared region. Furthermore, its precision is compa-
rable to that of standard ambient-condition reflectivity
experiments. Our design for the diamond-window based
self-clamping type pressure cell is shown in Fig. 1a. The
light access is achieved through a type IIA diamond win-
dow fixed at the lateral part of the metallic body with the
beam being perpendicular to the horizontal axis of the
cell. In order to determine the absolute value of reflec-
tivity for the diamond-sample interface, Rds, the window
has wedged plane surfaces which facilitates the measure-
ment of reference signal. It is also sufficient to eliminate
interference fringes coming from multiple reflections. Be-
sides the optical access, an electrical leadthrough is also
implemented, which facilitates either the in situ moni-
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FIG. 1: (Color online) Our home-designed optical pressure
cell: steel body equipped with a type IIA diamond window.
The upper panel shows the prorata drawing of the cell. The
sample is mounted on the inner surface of the diamond win-
dow which has d = 1.5mm free aperture. As demonstrated in
the lower panel, the angle of wedging between the two surfaces
of the window allows for a clean separation of the reflections
from the vacuum-diamond and diamond-sample interface and
thus facilitates reference measurements (see text for details).
toring of pressure by a resistive sensor (InSb, amorphous
carbon, etc.) or the simultaneous measurement of the
sample resistivity during the pressure runs. For low-
temperature experiments the pressure cell is attached to
the cold finger of a the He flow cryostat and the thermal-
ization is ensured by a radiation shield.
As followed in the sketch of Fig. 1b, the intensity re-
flected back from the vacuum-diamond and diamond-
sample interfaces (Ivd and Ids, respectively) can be de-
tected separately by a few degree (typically ∼ 7◦) rota-
tion of the cell around its vertical axis due to the wedging
of the diamond. (A wedging angle of 2◦ results in ∼ 10◦
angular deviation between the two reflected beams which,
together with the finite beam size and the rotation of the
cell, requires an opening angle of ∼ 28◦ for the conical
bore on the diamond holder in our optical arrangement.)
The nearly normal incidence is still held for the both po-
sitions. Correspondingly, the reflectivity of the sample
relative to the diamond can be obtained from the mea-
sured intensities:
Rds(ω) =
Rvd(ω)
(1−Rvd(ω))2
·
Ids(ω)
Ivd(ω)
, (1)
where Rvd (≡ Rd) is the absolute reflectivity of the dia-
mond. The Rvd(ω)/(1 − Rvd(ω))
2 prefactor can be cal-
culated from the well-documented refractive index of di-
amond, nˆd.
11,12,13,14,15 High-quality, such as type IIA,
optical diamonds show no significant absorption up to
ω ≈ 40000cm−1. On the other hand, the effect of weak
absorption introduces only another frequency-dependent
factor into Eq. 1 (which can be directly determined from
the transmittance of the window) but its influence on Rvd
and Rds can be usually neglected. If Rds(ω) is measured
over a sufficiently broad range of energy, the complex
refractive index of the sample relative to the diamond
nˆds(ω) can be obtained by the Kramers-Kronig analysis.
Since nˆd(ω) is purely real and shows a monotonous in-
crease of about 10% up to ω ≈ 40000 cm−1, it is straight-
forward to calculate the complex dielectric response of
the sample relative to the vacuum. This analysis fails
only for the multiphonon absorption bands of the dia-
mond located in the range of ω = 1500−2700cm−1.15 We
note at this point that, additional to the absorption of the
diamond above ω ≈ 40000cm−1, the high-energy limit of
this method is determined by the roughness and/or pla-
narity of the diamond-sample interface δds. Therefore,
special care should be taken for the proper matching be-
tween the window and the sample in order to eliminate
interference and diffraction effects inherently appearing
for wavelength shorter than δds.
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FIG. 2: (Color online) Temperature dependence of the resis-
tivity for three selected pressures in 1T -TaS2. At each pres-
sure infrared reflectivity was measured at temperatures la-
beled by different symbols: ◦, •, and ⊕ correspond to points
in the pressure-temperature phase diagram which are charac-
terized by the reflectivity spectrum as the room-temperature,
low-temperature phase, or as a mixed state, respectively.
At p = 1bar/14 kbar the corresponding symbols are shown
above/below the resistivity curve. For p = 4kbar the reflec-
tivity measurements performed in cooling run are indicated
below while those in warming up are shown above the ρ(T )
curve.
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FIG. 3: (Color online) Far-infrared reflectivity of 1T -TaS2 relative to diamond, Rds(ω), over a broad range of hydrostatic
pressure and temperature. Left panel: reflectivity spectra measured in the room-temperature and the low-temperature phase
of 1T -TaS2 at various pressures. Temperatures corresponding to the low-temperature measurements can be followed in Fig. 2.
For the verification of the results obtained within the pressure cell, Rds(ω) spectra calculated from the ambient-pressure absolute
reflectivity (reproduced from Ref. 17) are also plotted. Right panel: far-infrared reflectivity of 1T -TaS2 below room temperature
at p = 4kbar.
In the following we shall present the high-pressure
optical study of the 2-dimensional charge-density-wave
(CDW) system 1T -TaS2 carried out by the above de-
scribed pressure cell. At ambient pressure and room
temperature 1T -TaS2 is a bad metal or semi-metal char-
acterized by a high and almost temperature indepen-
dent resistivity (ρ ≈ 10−3Ωcm) and by a fully inco-
herent low-energy optical conductivity.17 With lowering
the temperature, the material goes through a first-order
phase transition at Tlock = 180K which is clearly man-
ifested in the electronic transport as it is accompanied
by a jump-like enhancement of the resistivity16 and by
the opening of a soft gap ∆ ≈ 800 cm−1 in the optical
conductivity.17 Recent photoemission experiments also
reflect that the electronic structural changes are domi-
nantly restricted to the low-energy region.18,19,20,21 On
the other hand, due to its 2-dimensional CDW ordering
and the large electron-phonon coupling,20,21 the material
shows extremely high sensitivity to external pressure.16
Therefore, 1T -TaS2 offers an ideal playground to study
the pressure-induced electronic and structural changes by
infrared spectroscopy.
Prior to the optical experiments under pressure, we
have investigated the pressure-temperature phase dia-
gram of the material by means of dc resistivity. The
results are shown in Fig. 2 for three selected pressures
p = 1bar, 4 kbar, and 14 kbar. In agreement with early
data,16 the low-temperature insulating phase is strongly
suppressed although the resistivity is almost unchanged
in either of the phases. Already at p = 4kbar the tran-
sition is shifted to Tlock ≈ 150K and the hysteresis is
significantly broadened,22 while at p = 14kbar the high-
temperature phase is extended to the lowest tempera-
tures. This semi-metallic state exhibit nearly tempera-
ture independent charge transport as the resistivity in-
creases only by a factor of ∼ 3 below T = 300K. We note
here that the resistivity in the insulating phase also shows
anomalous behavior which may be attributed to Mott-
Anderson localization effects together with the opening
of the pseudo-gap ∆ ≈ 800 cm−1.
The far-infrared reflectivity of 1T -TaS2 was investi-
gated below room temperature for various pressures p =
1 bar, 1 kbar, 4 kbar, and 14 kbar in the photon energy
range of ω = 30−700 cm−1 as shown in Fig. 3. For verifi-
cation of the results, besides the Rds(ω) spectra measured
inside of the pressure cell, Fig. 3a also displays spectra
evaluated from the ambient pressure absolute reflectiv-
ity Rs(ω) reproduced from Ref. 17. (For these data the
complex refractive index nˆs was obtained by Kramers-
Kronig transformation and Rds was calculated with use
of the Fresnel equation from nˆs and nˆd.) The ambient
pressure data measured inside and out of the pressure
cell show fairly good agreement both at room and low
temperature verifying the applicability of our method for
the fully quantitative measurement of reflectivity under
pressure even in the hardly accessible far-infrared spec-
tral range.
Similarly to the resistivity, the room-temperature re-
flectivity of the sample does not show significant varia-
tion up to p = 14kbar. The reflectivity spectrum in the
low-temperature insulating phase is reduced and exhibits
sharp phonon resonances for ω < 400 cm−1. Its variation
with pressure is also negligible for p = 1bar−4kbar and
probably the same remains valid, as long as the insulat-
4ing phase is not completely suppressed. On the other, at
p = 14kbar when the semi-metallic phase becomes the
ground state, the low-temperature reflectivity is remi-
niscent to that of at room temperature. Although it is
somewhat reduced in absolute value the spectral shape is
still semi-metallic-like and the phonon modes remain al-
most completely screened. For comparison, we also plot-
ted the reflectivity measured out of the cell just above
Tlock = 180K. As expected from the tiny variation of
the resistivity at p = 14kbar below room temperature,
the two spectra are close to each other over the whole
far-infrared range.
The temperature dependence of Rds(ω) has been stud-
ied in more details, especially in the hysteretic region of
the transition, for the intermediate pressure p = 4kbar
(see Fig. 3b). The spectra follow the tendency of the
R(T ) curve both in the cooling and warming run as de-
picted by symbols plotted simultaneously with the resis-
tivity curves. Except for T = 140 and 120K in cooling
down, where the coexistence of the two phases was ob-
served in the reflectivity, Rds(ω) spectra purely showed
either the semi-metallic or the insulating character.
In conclusion, we have extended the range of the high-
pressure optical spectroscopy to the far-infrared region
keeping the accuracy of ambient-pressure experiments.
For this purpose we have developed an optical pressure
cell equipped with a wedged diamond window of large
free aperture by which reflectivity spectra can be mea-
sured down to ω ≈ 20−30 cm−1 for hydrostatic pressures
up to p = 26kbar. This technique, which is strongly
based on the excellent optical properties of high-quality
(type IIA) diamonds, is well-suited to study the sys-
tematics of bandwidth-controlled metal-insulator transi-
tions in interacting electron systems via the pressure-
induced changes in their low-energy electronic struc-
ture. Its applicability was demonstrated by the opti-
cal study of the 2-dimensional charge-density-wave 1T -
TaS2. We have pointed out that the room-temperature
semi-metallic phase can be effectively extended by ex-
ternal pressure and stabilized as the ground state above
p = 14kbar. Furthermore, the corresponding fully inco-
herent low-energy optical conductivity is almost temper-
ature independent below T = 300K. For intermediate
pressures, the onset of the low-temperature insulating
phase is reflected by the sudden drop of the reflectivity
and by the emergence of sharp phonon resonances.
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